A catechol-type siderophore was produced extracellularly by Rhizobium sp. strain BlCC 651 isolated from Cicer arietinum during growth in iron-deficient medium. Production of the siderophore was fully repressed in the presence of te, PCalcutta 700054, India 50 pM Fe3+. The siderophore was purified and characterized as containing 2,3-dihydroxybenzoic acid (DHBA) as the core compound and threonine as its conjugate. The siderophore was able to reverse growth inhibition of the strain induced by ethylenediamine-di(o-hydroxyphenyl-acetic acid) (EDDA). A highaffinity iron-transport system capable of transporting 59Fe-siderophore complex was also induced in Rhizobium BlCC 651 grown under iron deficiency. Two protein bands of molecular masses 76 and 82 kDa were also inductively synthesized in the outer membrane of the cells. A partially purified ferrireductase enzyme of Rhizobium BlCC 651 catalysed reductive release of iron from the ferric chelate of DHBA. The enzyme had a Km of 0 3 mM for ferri-DHBA, was constitutive in nature, and was present in the cytosolic fraction during growth under both iron-def icient and iron-suff icient conditions. The enzyme occurred as two isoenzymes with RF values of 048 and 051, respectively, in a nondenaturing polyacrylamide gel.
INTRODUCTION
Iron-containing proteins figure prominently in symbiotic nitrogen fixing systems. The symbiotic bacteria need an adequate supply of iron for the synthesis of nitrogenase, the haem moiety of leghaemoglobin and many other ironcontaining compounds such as ferredoxin, hydrogenase and cytochromes. Although iron is abundantly present in the soil, it forms extremely insoluble oxides and oxyhydroxides under aerobic conditions and neutral pH. Under these conditions bacteria synthesize high-affinity ferric-specific ligands, siderophores, and their cognate membrane receptors (Neilands, 1989) to acquire iron. Assimilation of iron from ferri-siderophore complex, once it has been transported to the cytoplasm via specific receptors, involves the reduction of Fe3+ to Fez+ for which the siderophore has no affinity (Crichton & Charloteaux-Wauters, 1987) . Siderophores in rhizobia appear to be strain-specific (Guerinot, 1991) a wide range of structures (Guerinot, 1991 ; Carson e t a/., 1992) .
In this paper, we describe the identification and characterization of a catechol-type of siderophore produced by Rhiz$Gum sp. strain BICC 651 isolated from Cicer arietinum in response to iron starvation and the membrane proteins synthesized under this condition. The enzyme ferrireductase which is responsible for reduction of Fe3+ to Fe2+ has also been partially characterized.
METHODS
Organisms, media and growth conditions. The strains used in this study are listed in Table 1 . All strains were maintained on yeast extract mannitol slopes (Vincent, 1970) . For studies on siderophore production, the bacteria were grown in complete medium (Modi e t al., 1985) with the following composition (g I-' ) : K,HPO,, 0.5 ; MgSO, .7H,O, 0.4; NaCl, 0.1 ; mannitol, 10 ; glutamine, 1 ; and NH,NO,, 1. The medium was deferrated by treatment with 8-hydroxyquinoline following the method of Rosenberg (1979) . During inoculation the initial OD,,, of the culture was adjusted to 0.001. The bacteria were subcultured three times consecutively in deferrated complete medium to reduce their internal ferric iron stores before use as inoculum. j-+ , Siderophore produced; -, no siderophore produced.
All glassware was previously washed in 6 M HC1 and rinsed several times in deionized water to free it of iron. Iron was supplemented in the medium from a freshly prepared membrane-filtered 50 mM FeCl, solution when required. The cultures were incubated at 28 "C on a rotary shaker (128 r.p.m.). Growth of the bacteria was monitored by measuring the OD,,, of the culture at regular intervals. Estimation of iron. Iron was estimated by a colorimetric method using chromogen ferrozine (Stookey, 1970) with ferrous ammonium sulphate as the standard. The lower limit of sensitivity of the ferrozine method was about 0.3 pM. Complete medium routinely contained about 0-5 pM iron before deferration and was below the level of detection by the ferrozine method after deferration with hydroxyquinoline. Siderophore assays. Four different chemical assays were used to detect siderophore activity in the medium. The chrome azurol S (CAS) assay was performed as described by Schwyn & Neilands (1 987). This assay detects all siderophores irrespective of their chemical nature. The method of Arnow (1937) or that of Rioux etal. (1983) was used to detect catechol-type siderophores using 2,3-dihydroxybenzoic acid (DHBA) as the standard. Hydroxamate-type siderophore was assayed by the method of Csiky (1 948). Phenolic compounds were detected by reaction with the Hathway reagent (Hathway, 1969) . Bioassays were performed in liquid complete medium to which ethylenediamine-di(o-hydroxyphenyl-acetic acid) (EDDA) was added to a final concentration of 4 mg ml-' to make the medium iron-restricted by chelating any adventitious iron. This caused severe growth inhibition of strain BICC 651. Reversal of EDDA-induced growth inhibition by the addition of siderophore isolated from the iron-deficient homologous culture was used as the criterion of bioactivity of the siderophore. Siderophore production in solid medium was detected on plates containing complete medium mixed with CAS reagent. An orange halo surrounding the growth of bacterial colonies (Schwyn & Neilands, 1987) indicated siderophore production. Isolation and purification of siderophore. Siderophore was isolated from culture filtrate after adjustment to pH 2.0 with 1 M HC1. This was extracted three times with an equal volume of ethyl acetate and then dried in vauo. The extracted siderophore was separated by thin-layer chromatography (TIX). Characteristic bands of the siderophore fluorescing blue under UV light were scraped off the TLC plates and then extracted with ethanol. Thin-layer, paper and high-performance liquid chromatography. Separation of siderophores by TLC was done on silica gel G plates using the solvent system dichloromethane/ methanol (3 : 2, v/v). Ascending paper chromatography on Whatman 1 MM paper was used for separation of siderophores or their amino acid conjugate using the solvent system butanol/water/acetic acid (12: 5 : 3, by vol.). HPLC (Waters, Millipore) was also used for identification of amino acids following acid hydrolysis of the siderophore. Siderophores were detected on chromatograms by spraying with CAS solution, which produced a purple spot against a blue background (Schwyn & Neilands, 1987) . Amino acids were detected on paper chromatograms with 0.4 % ninhydrin in acetone as the spray reagent. Spectroscopic methods. Ultraviolet spectra were recorded on a Shimadzu model UV 240 spectrophotometer. Infrared spectra were recorded on a Shimadzu IR 408 spectrophotometer. Mass spectra were obtained with an AEI MS 30 mass spectrometer operated at an ionization potential of 70 eV and ion source temperature of 100-1 50 "C. Transport experiments. The uptake buffer [50 mM potassium phosphate, pH 7.0, 0-2 mM nitrilotriacetate (NTA)], with or without a carbon source such as 0.025% sodium succinate or 0.025 % mannitol, was made iron-free by the S-hydroxyquinoline extraction method (Rosenberg, 1979) . 59FeC1, [20 nmol in 16 pl; sp. act. 7.4 Ci (273.8 GBq) g-', 1.5 mCi ml-'1 was initially mixed with 180 nmol unlabelled FeC1, in 144 p10.1 M HC1 to reduce the specific activity to 0.74 Ci g-l. A portion of this mixture (20 nmol ,'FeCl,) was added to 200 nmol siderophore (based on molar concentration of 2,3-DHBA content) and then incubated in the dark on ice for 24 h to allow a stable complex to form. Rhi.@itrm sp. strain BICC 651 was grown to mid-exponential phase (OD,,, = 1.0) in a medium containing (g 1-'): K,HPO,, 0.5 ; MgSO, .7H,O, 0.4 ; NaCl, 0.1 ; glutamine, 0.5 ; NH,NO,, 1. Succinate or mannitol at 5 g I-' was used as carbon source. Cells from 1 ml culture were collected by centrifugation at 1 O O O O g for 10 min and washed with uptake buffer. The cells were then resuspended in 2 ml fresh uptake buffer and kept at 32 OC for 10 min for temperature equilibration. To this cell suspension 59FeC1,-siderophore complex containing 20 nmol 59Fe was added. The assay mixture was kept at 32 "C in a shaker incubator. Samples of 200 p1 were withdrawn from the uptake mixture at intervals, added to 10 ml pre-chilled wash buffer (50 mM potassium phosphate buffer, pH 6.8 containing 0.4 mM NTA) and filtered through membrane filters (0.45 pm; Millipore). The filter was washed with another 10 ml of wash buffer, dried and then counted in a liquid scintillation system (Beckman LS 5000 CE) using cocktail '0' (Spectrochem) scintillation fluid. Blanks were prepared for each experiment by the same procedure except that cells were omitted and the assay volumes were adjusted with uptake buffer. Assay of ferrireductase. The cells were grown to midexponential phase in the presence or absence of 50 pM FeCl, and were harvested by centrifugation. They were lysed by sonication as before, using the standard probe of a Labsonic 2000 sonicator. The soluble fraction of the cell homogenate was separated from the membrane fraction by centrifugation at 100000 g. The supernatant was fractionally precipitated at 40-80 YO ammonium sulphate saturation and the protein pellet obtained was solubilized in 0.1 M Tris/HCl, pH 7.4. This was dialysed against the same buffer and was used as the source of the enzyme. The enzyme was assayed following the method of Dailey & Lascelles (1977) 111 1 ml assay mixture containing 1 M Tris/HCl buffer, pH 7.4, ferrj-DHBA complex (0.16 mM), NADH (0.16 mM), FMN (0.015 mM), MgC1, (1 mM) and ferrozine (0-8 mM). The ferrous ion produced by the activity of the enzyme was chelated with ferrozine. Iron reduction was monitored by measuring the absorption of the ferrozine-ferrous iron complex at 562 nm in a spectrophotometer against a reference cuvette which contained the complete assay mixture without the enzyme. The specific activity of the enzyme was expressed as nmol Fe2+-ferrozine formed min-' (mg protein)-'. The substrate ferri-DHBA was prepared by mixing DHBA with FeC1, and incubating for 24 h on ice in the dark. The gel electrophoresis profile of the enzyme ferrireductase was ascertained by its activity staining. A partiall y-purified enzyme preparation obtained by ammonium sulphate fractionation was subjected to electrophoresis in native polyacrylamide (lo%, w/v). The running buffer used was 0.025 M Tris/0.192 M glycine, pH 8-3. After electrophoresis the gel was incubated for 20-30 min in the staining solution as described by Moody & Dailey (1983) . Distinct purple bands appeared against a yellowish-pink background. The background, however, became purple in a short time and the bands were indistinguishable from it. Protein was estimated by the dye binding method of Bradford (1976) .
RESULTS

Siderophore production by strains of Rhizobium and Bra dyrhizo bium
Initially, all the strains were cultured in deferrated complete medium and the culture filtrates were examined for the presence of siderophore by mixing with CAS reagent. T h e results ( Growth and siderophore production in deferrated complete medium I n deferrated complete medium strain BICC 651 had a lag period of 7 h and the culture reached the stationary phase of growth at 40 h, when the OD,,, was slightly more than 2.0. During g r o w t h the level of siderophore in the culture filtrate increased progressively, paralleling the increase in ODsg0, and reached its peak at the late-exponential phase (30 h). The level of siderophore then declined sharply, although the OD,,, of the culture remained constant until 80 h (Fig. 1) . D u r i n g the peak, more than 110 nmol equivalent of DHBA was produced (ml culture)-'.
Effect of iron and carbon source on growth and siderophore production
In the medium without iron supplement the biomass yield was the lowest (OD,,, = 2.0) and the yield increased with increasing concentrations of iron u p t o 50 pM FeC1, (Fig.  2) . Siderophore production in the medium without iron supplement was low (1 10 nmol equivalent of DHBA ml-l) relative to that in the medium with 0.1 pM FeCl,,
where maximum production of 170 nmol equivalent of DHBA ml-' was recorded. With increasing concentrations of iron the level of siderophore produced decreased gradually, and at 50 pM FeCl, the siderophore was almost undetectable in the culture filtrate (Fig. 2) . N o growth or siderophore production occurred in a control experiment in the basal medium without any carbon source (Table 2) . Glucose, mannitol, rhamnose., glycerol, malate or maltose as carbon source supported better growth of strain BICC 651 than the other carbon sources. Growth on malate, however, resulted in very little siderophore production [l 1 nmol equivalent of DHBA (ml culture filtrate)-']. Growth on arabinose. pyruvate or succinate was comparatively low. However: highest siderophore production (320 nmol equivalent of' DHBA ml-l) was achieved with succinate, followed by pyruvate (240 nmol equivalent of DHBA ml-l) as the carbon source (Table 2) . Siderophores usually consist of a core compound to which one or two amino acids remain conjugated. T o examine the siderophore of strain BICC 651, the extract was run on a TLC plate of silica gel and sprayed with ninhydrin. This yielded a characteristic purple spot at the location coinciding with that of the siderophore. For separation of the conjugated amino acids from the core compound, the purified siderophore was hydrolysed with acid; the hydrolysate was dissolved in water and extracted with ethyl acetate. The organic phase contained the core compound, while the aqueous phase contained the free amino acids as revealed by spot tests of the two fractions with FeC1, and with ninhydrin. The dried organic phase from ethyl acetate extractions was characterized by mass spectrometry. The mass spectrum of the compound showed a molecular ion peak at M+ 154. The other significant peaks were at m/e 136, 108 and 80. The peak m/a 136 obtained from the molecular ion peak (M' 154) indicated loss of mass 18 from the molecular ion peak which is characteristic of o-hydroxybenzoic acid (Silverstein et a/., 1981).
T o confirm the identity of the core compound of the siderophore UV and IR spectra were recorded and compared to that of authentic 2,3-DHBA. UV spectra of both compounds showed three peaks with Amax in ethanol at 315, 250 and 210 nm. The IR spectrum of the core compound of the siderophore showed absorption bands at vKBr,,, 3500,1720 and 1600 cm-'. These spectra were very similar to that of the authentic DHBA and were essentially superimposable.
The aqueous phase after ethyl acetate extraction of the hydrolysate was lyophilized to dryness and then chromatographed together with standard amino acids on paper. Only one band was identified in the chromatogram after spraying with ninhydrin. The band had an R, value of 0.30, very close to that of threonine. In a separate experiment, co-chromatography of the amino acid from siderophore with threonine yielded a single band (data not shown). The identity of the amino acid was further confirmed to be threonine by the fact that its retention time on HPLC was identical to that of an authentic threonine sample: 6-9 min. The concentration of threonine was estimated from the peak height in HPLC by comparing it with those of known quantities of threonine. The molecular ratio of threonine to DHBA in the siderophore was calculated to be almost two.
Reversal of EDDA-imposed growth inhibition by siderophore
T o assess if the isolated siderophore was biologically active and could provide iron to the organism in an ironpoor environment, the reversal of EDDA-imposed growth inhibition by added siderophore was investigated. Strain BICC 651 exhibited a characteristic growth curve in complete medium from which the generation time was calculated to be 6 h (Fig. 3) . The culture reached its stationary phase at about 40 h, when maximum cell yield was almost ODbg0 4.5. Addition of EDDA to this medium caused the lag period to extend to more than 50 h and the generation time increased to 17 h. Maximum cell yield was ODbgo 1.5, or only one-third of the control culture without addition of EDDA. However, when purified siderophore from strain BICC 651 (8.2 pmol equivalent of DHBA) was added to the EDDA-inhibited culture at 40 h, growth of the bacterium resumed with a generation time comparable to that of the control culture with equivalent cell yield.
Isolated siderophore was also able to stimulate the growth of RhixobiZtm strain BICC 632 and Bra4rhixobizlm strain TAL 1012 in the bioassays. The degree of stimulation, however, varied from strain to strain.
Siderophore-mediated iron uptake
Iron uptake was induced when the bacterial cells were grown under iron stress (Fig. 4) . With succinate-grown cells the uptake was linear for at least 120 min. In cells grown in presence of 50 pM FeCl,, the active uptake system for iron was absent, as evident from the fact that 59Fe uptake from an iron-siderophore complex did not occur (Fig. 4) . Transport of free iron in the uptake buffer was eliminated by the addition of 0.2 mM NTA. This caused negligible uptake of uncomplexed 59Fe3+ by the induced cells (Fig. 4) . For mannitol-grown cells, siderophore-mediated uptake of iron appeared biphasic, with an initial rapid uptake and ensuing slower uptake (Fig. 4,  inset) . The rate of slow uptake in mannitol-grown cells was very close to the uptake rate of succinate grown cells. The rate was not significantly influenced by the presence or absence of a carbon source in the uptake buffer for 30 min (Fig. 4, inset) .
Characterization of outer membrane proteins
T o examine the differences between the protein profiles of OMS isolated from bacteria grown in absence or presence of 50 pM FeCl,, SDS-PAGE of the OM proteins was carried out. In the cells grown in iron-deficient conditions (0.5 pM FeCl,) three prominent high-molecular-mass peptide bands, of 91, 82 and 76 kDa, were present, while the cells grown in iron-sufficient conditions (50 pM FeC1,) showed only a single band of 91 kDa in the highmolecular-mass range (Fig. 5) .
Ferrireductase activity in Rhizobiurn strain BlCC 651
In the microbial iron-uptake assimilation process, iron must be released from ferri-siderophore after its uptake. Release takes advantage of the fact that siderophores have only weak affinity for Fe2+. Therefore, the Fe3+-siderophore complex is acted on by the ferrireductase enzyme to release Fe2+. A partially purified enzyme fraction was obtained from strain BICC 651 that catalysed reductive release of iron from the ferric chelate of DHBA (ferri-DHBA). Under the assay conditions the enzyme had an activity of 4.8 nmol Fe2+-ferrozine formed min-' (mg protein)-' (Table 3) Fig-4 . Uptake of 59Fe3+-siderophore complex by Rhizobium strain BlCC 651. Iron uptake by bacteria grown in medium containing succinate as the carbon source was measured in the presence (m) or absence of (e) 50 pM FeCI,. The uptake buffer in 2 ml volume contained sodium succinate and an iron-siderophore complex produced separately by incubating 20 nmol 59FeCI, with 200 nmol purified siderophore. The curve for uptake of uncomplexed *' FeCI, by strain BlCC 651 grown in the same medium in the absence of FeCI, is also shown (A). 
Salt
Specific activity* of Mg2+, other metal ions were inhibitory to the activity (Table 3) . NADPH was as effective as NADH as reductant while ascorbate, succinate or reduced glutathione were much less effective (Table 4) . No enzyme activity was detectable in the absence of reductant.
The production of ferrireductase in Rhixobitrm strain BICC 651 appeared to be constitutive. DHBA was mixed in different proportions with a fixed amount of FeC1, (DHBA: FeC1, molar ratio 0: 1 to 6: 1) and incubated to allow complex formation. The incubation products were then used as substrate in enzyme assays. The highest activity of the enzyme occurred when FeC1, was com-Iron acquisition in Rhipbizlm plexed with at least threefold higher DHBA concentration. Therefore, for the determination of the Km of the enzyme, FeCl, was complexed with a threefold excess of DHBA for use as the substrate. From the Lineweaver-Burk plot of the enzyme activities at different concentrations of the substrate, the K, of the partially purified enzyme was determined to be 0.3 mM.
The enzyme was characterized by native PAGE to determine if it occurred as an isoenzyme. Enzyme activity was located in the presence of 4 mM ferric citrate as substrate by an Fe2+-ferrozine staining procedure. Two isoenzymes were revealed by the activity staining. The R, values of the two isoenzymes were calculated to be 0.48 and 0.51 with respect to the bromophenol blue tracking dye (data not shown).
DISCUSSION
The results described here indicate that in deferrated complete medium not all strains of root nodule bacteria produce siderophores. This confirms the observation of Guerinot e t al. (1990) , who found that only one out of 20 strains of B.japoniczlm examined produced a siderophore. Our finding adds to the growing evidence that rhizobia, like other bacterial species, exhibit strain-to-strain variation in the ability to produce particular siderophores (Reigh & O'Connell, 1988) . However, the reason for the absence of detectable siderophore in the non-producing strains is unclear, for these bacteria possess an irondependent respiratory type of metabolism with an operative tricarboxylic acid cycle (Chakrabarti e t al., 1987 ; Mandal & Chakrabartty, 1993). The inability to detect siderophore production by some of the strains could be due to very low production. It appears that most of the bradyrhizobial strains lack siderophore-mediated iron acquisition systems, having evolved in the acid soils of the tropics where iron is more generally available than in neutral o r alkaline soils (Guerinot e t al., 1990) .
Siderophores of root nodule bacteria represent a wide range of structures, including catecholates (Guerinot, 1991) , hydroxamate (Carson e t al., 1992) , rhizobactin (Smith Csr Neilands, 1984) , anthranilic acid (Rioux e t al., 1986a) and citric acid (Guerinot etal., 1990) . The results in the present paper show that Rhixobizlm strain BICC 651 produced a siderophore which was identified as DHBA. This is the first report of release of DHBA under iron deficiencv by a strain of Rhixobium isolated from C. arietinzlm, although strains of R. legzlminosarzlm bv. trifoolii (Skorupska et a/., 1988) and R. legzlminosarzlm bv. viciae (Patel e t al., 1988) were reported to produce DHBA. Chemical assay indicated production of anthranilic acid, a siderophore structurally related to DHBA from a strain of R. legzril~znosarzlm bv. viciae (Rioux e t al., 1986a) , although some doubt was expressed by Rosendahl et al. (1991) about the reports of catechol siderophore production by Rhixobzrm. We identified the siderophore as DHBA by chromatographic comparison with reference compounds, analyses of UV and IR spectra and mass spectrometry.
The siderophore contains threonine as its amino acid conjugate. The molecular ratio of the conjugate to DHBA was estimated to be close to two, indicating two threonine moieties, possibly as threonyl-threonine, linked to the -COOH group of the core compound, DHBA, by a peptide bond. Threonine was detected in siderophore of R. legzlminosarzlm bv. viciae by Patel e t al. (1988) . Also, production of a catechol-like (DHBA) siderophore containing glycine and threonine by cowpea Rhixobizlm RA-1 was detected by Modi e t al. (1985) .
Rhixobizlm strain BICC 651, grown in medium where the available iron concentration was less than 0.3 l M , produced as much as 170 nmol of the siderophore, based on DHBA content, during the late-exponential phase. As evidenced by a sharp decline in its level in the culture filtrate, the siderophore was either used up by the cells at a fast rate for iron acquisition or it became structurally modified or degraded and failed to react with the identifying reagents used. A small amount of iron was apparently required to stimulate optimum production of siderophore but the production was repressed by the presence of more than 50 pM iron in the medium. Cells growing at 100 nM iron secreted approximately 20-fold more siderophore than those growing at 50 pM ferric iron. Repression of rhizobial siderophore synthesis in the presence of iron in the growth medium was also observed by Skorupska e t al. (1988) . The higher accumulation of DHBA in iron-deficient, relative to iron-sufficient, cultures could result from a requirement of iron for the reaction catalysed by aminobenzoic acid decarboxylase.
Rhixobizlm strain BICC 651 is capable of growth in a large number of carbon sources including sugars, sugar alcohols and organic acids. Glucose, while generally a preferred carbon source, does not allow high siderophore production by strain BICC 651. Growth on succinate and pyruvate, on the other hand, gives higher yields. Apparently, this is because succinate and pyruvate are metabolized through the tricarboxylic acid cycle, which requires an iron-containing system. As a consequence, the cells rapidly become depleted in iron resulting in higher production of the siderophore. Malate is a product of both arabinose and succinate metabolism and up to 3 mM is produced during the late-exponential or early-stationary phase by all root nodule bacteria growing on arabinose and succinate (Carson e t al., 1992) . Malate, a C, dicarboxylate, appeared to have no relationship with external iron concentration and did not support DHBA production by strain BICC 651.
The isolated siderophore can support iron nutrition of the homologous strain, thus demonstrating its biological property. Strain-specific utilization of siderophores in a Rhixobizlm species was first reported by Smith & Neilands (1 984). Siderophore-mediated competition for iron in microbial systems appears to be a widespread phenomenon and it therefore seems likely that in the rhizosphere, similar to Psezldomonas, a Rhixobiztm strain producing siderophore could outcompete a Rhixobizlm or any other micro-organism requiring iron but producing no siderophore (Kloepper e t al., 1980) . A Rhixobizlm strain capable of utilizing a siderophore produced by another strain of Rhixobizlm should also have a competitive advantage in the rhizosphere. In this paper we show that the strains BICC 632 and TAL 1012, both isolated from Cicer arietinmz, could utilize the siderophore produced by Rbixobinm BICC 651. Utilization of the same siderophore by different strains suggests that interstrain synergism may occur in the rhizosphere. On the other hand, antagonism among strains through the production of siderophore is also likely to occur in the rhizosphere and siderophore production, utilization and growth inhibition of other organisms by siderophore should play a role in competition (Reigh & O'Connell, 1993) . Rbixobinm strain BICC 651 is an effective nitrogen-fixing strain and it profusely nodulates its host, which may be due to a selective advantage conferred by its siderophore production in the rhizosphere. However, further studies are needed to define strain dominance in the rhizosphere, root nodulation and its association with siderophore production. It has been suggested that differences in nodule development under iron-deficient conditions may be due to varying abilities of different strains of root nodule bacteria to acquire iron for nodule initiation and development (O'Hara e t al., 1988).
The transport of ferrisiderophore in Rkixobinm strain BICC 651 appears to be similar to that of R. legnminosarztm (Rioux e t al., 1986b) . During transport experiments more than 90% of added iron was still available for uptake by cells after 30 min. In Escbericbia coli transport of ferric citrate requires the products of thefecABCDE genes and functional tonB and exbB genes (Pressler et al., 1988) . These genes are negatively regulated by iron. Transport in strain BICC 651 may also require products of similar genes since cells grown in 50 pM FeC1, transport very little 59Fe3+. In the absence of siderophore, transport of free 59Fe3+ is also low. These data indicate that the transport is inducible and siderophore-mediated as is observed in E. coli and Psendomonas aerzlginosa (Frost i3r Rosenberg, 1973 ; Cox, 1980) . With mannitol-grown cells the uptake of iron appeared to be biphasic, in contrast to succinate-grown cells. There was an initial rapid uptake followed by a slower rate of transport. Apotobacter vinelandii has also been reported to have a biphasic uptake of its own siderophores (Knosp e t al., 1984) . The rate of uptake of iron in both mannitol-and succinate-grown cells appeared to be similar in either the presence or absence of a carbon source in uptake medium. It is not certain if the uptake is an active process in strain BICC 651, Determining this will necessitate studying iron uptake by the cells in the presence of energy inhibitors (Carson e t al., 1992) . The reason why the uptake is biphasic in mannitol-grown cells in contrast to the monophasic uptake in succinate-grown cells has not been made clear in this study. (Huyer & Page, 1989) . However, like most ferrireductases from other micro-organisms (Arceneaux, 1983) , the creation of a partially anaerobic environment resulted in increased activity. This was also accompanied by an increased level of non-enzymic reduction of iron and the levels of enzymic activity varied widely. Since we were unable to resolve these problems, we therefore used conditions that were not strictly anaerobic. The activity of the ferrireductase from strain BICC 651 was not affected by the level of iron present in the growth medium; therefore, the enzyme appeared to be constitutive, unlike ferrireductase of certain fungi (Ernst & Winkelmann, 1977) .
The properties of the enzyme were similar to those recorded for other ferrireductases in that the enzyme required FMN as a cofactor and utilized either NADH or NADPH as a reductant. However, succinate, normally a good reductant for membrane-bound reductases, was not a good reductant for the reductase in Rbixobizim strain BICC 651. The reaction of the enzyme was stimulated in the presence of magnesium while addition of other cations produced stimulation or was inhibitory as was also observed with the ferrireductase from Agrobacterizim tnmefaciens for the reduction of ferri-DHBA (Lodge e t al., 1982) .
From the activity staining in native gel, two forms of the enzyme were apparent, as was also found in Rbodopsezldomona~ spbaeroides (Moody & Dailey, 1985) and in P.
aerzlginosa (Cox, 1980 The fact that the enzyme ferrireductase from strain BICC 651 u4es ferrisiderophore as its substrate is indicative that it is used for iron assimilation, However, it would require isolation and studies of mutants of ferrisiderophore reductase of the strain for evidence that it is essential for iron transport by the siderophore system in vivo and that its function is to release the iron of ferrisiderophore for cell metabolism.
